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Abstract

The correlation of deformation fabrics and metamorphic reactions with geochronologic data of UHP metamorphic rocks

demonstrate that the multistage subduction and exhumation history of the Central Dabie Complex requires rapid subduction and

rapid initial exhumation. Moreover, these data show that volume diffusion is not the major resetting mechanism of radiogenic

isotope systems. Thus, our age data do not simply reflect a thermal/cooling history. In the investigated section, the maximum age

for UHP is given by the 244F3 Ma (2r) U–Pb age of a pre-UHP titanite phenocryst that survived UHP metamorphism and

subsequent tectonometamorphic events. A minimum age for UHP is set by the 238F1 Ma (2r) 238U–206Pb mineral isochron age

of titanite and cogenetic epidote. These minerals formed from local partial melts during ascent and their age suggests fast

exhumation and emplacement in the middle crust. In the period of ca. 238–218 Ma, the UHP terrain records HT metamorphism,

local partial melting, and extensive pervasive strain below the eclogite (jd+grt) stability field. Exhumation was polyphase with a

first phase of fast exhumation, succeeded by episodes of HT metamorphism and concomitant deformation at deep/mid crustal level

between 238 and 218 Ma. Slow exhumation related to the final emplacement of tectonic units along greenschist facies shear zones

did not cease before ca. 209–204 Ma. The resetting and homogenization of radiogenic isotope systems were aided by dissolution

precipitation creep, which was the dominant deformation mechanism in quartz–feldspar rocks, in combination with fluid influx.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction and scope of work

During UHP metamorphism, crustal rocks are

brought to extreme conditions. Large density contrasts

to the surrounding mantle material result in large buoy-

ancy forces and rapid exhumation of UHP terranes,
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which facilitate the conservation of UHP mineral

assemblages and microfabrics from several stages of

the subduction and exhumation history. Probably, par-

tial melting of subducted material plays an important

role for its mechanical behaviour during ascent, in

accordance with very rapid initial exhumation pulses

(Wallis et al., 2005).

For the precise dating of distinct metamorphic stages

of the PTtd path of a UHP terrain, it is fundamental to

understand how changing deformation mechanisms and
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metamorphic reactions over such a large PT interval, as

well as fluid infiltration at successive stages during

subduction and ascent, affect the geochronological re-

cord of UHP rocks. To model mass transfer along

convergent plate boundaries, it is necessary to know

the duration of subduction, the time of exposure to the

UHP conditions, the exhumation rates, and the shape of

the PT-paths of UHP terrains, especially whether exhu-

mation of UHP rocks was the result of one or several

stages.

The aim of this paper is to combine geochrono-

logical and microtectonic investigations to constrain

the subduction and exhumation history of polymeta-

morphic UHP rocks from the Qinling–Dabie–Sulu

metamorphic belt (Eastern China). We selected the

Central Dabie Complex as study area, because (i)

UHP relics are abundantly preserved and peak P–T

conditions have been established by numerous petro-

logical investigations (e.g., Okay et al., 1989; Wang and

Liou, 1991; Okay, 1993; Carswell et al., 2000; Xiao et

al., 2000; Schmid et al., 2000, 2003), (ii) the Central

Dabie Complex preserves relics of different prograde

and retrograde stages of the metamorphic and tectonic

history. Such relics are predominantly preserved in high

viscosity domains. During decompression and exhuma-

tion large strain within the Central Dabie Complex

transposed the former sedimentary layering at low

angle to the foliation. This implies high translation

magnitudes.

In this paper, we present titanite U–Pb ages and

white mica Rb–Sr ages from microstructurally different

domains from the Central Dabie Complex. Titanite had

grown during different prograde and retrograde stages

of the PTtd paths. The microfabrics of the titanite

bearing rocks reflect strain-induced diffusion-controlled

processes such as dynamic recrystallization, recovery,

and dissolution precipitation creep (diffusion creep,

e.g., Passchier and Trouw, 1996), which enhance cation

mobility on the grain scale and, thus, facilitate the

homogenization of isotope systems. In contrast, mate-

rial transport by dislocation creep would be restricted to

the grain scale. Minerals from such domains could

preserve an older U–Pb system.

Provided their U–Pb system remained closed, dating

of titanite and cogenetic minerals may delineate suc-

cessive metamorphic and deformational episodes (cf.

Heaman and Parrish, 1991; Getty and Gromet, 1992;

Freeman et al., 1997; Wawrzenitz and Krohe, 1998;

Essex and Gromet, 2000; Romer, 2001). Hence, com-

bined microtectonic, petrological, and geochronological

studies of these rocks set constraints on the time inter-

val between subduction to mantle depths and emplace-
ment in the upper crust, as well as on the duration of

UHP conditions and exhumation processes. Moreover,

they potentially reveal the effect of deformation

mechanisms and strain rate on radiogenic isotope sys-

tems (Krohe and Wawrzenitz, 2000).

2. Geological setting

The Qinling–Dabie–Sulu metamorphic belt (Eastern

China) is the result of Triassic subduction and collision

between the Yangtze craton (South China block) in the

south and the Sino-Korean craton (North China block)

in the north (Mattauer et al., 1985). The Dabie meta-

morphic belt consists of tectonic slivers characterized

by a wide range of P–T conditions (Fig. 1). In the north,

the low grade Foziling and Luzhenguan Complexes,

also summarized as Beihuaiyang low-grade metamor-

phic zone, are interpreted by Zheng et al. (2005) as a

passive-margin accretionary wedge deformed during

continent subduction. Hacker et al. (2000) interpreted

these complexes as a part of the overriding Sino-Korean

craton. They are separated from the Yangtze UHP and

HP units (Yangtze craton) to the south by the Xiaotian–

Mozitan fault (being a normal detachment zone, e.g.,

Faure et al., 1999, 2003). These Yangtze units include:

(i) the North Dabie Complex (formerly termed North-

ern Orthogneiss Unit), characterized by amphibolite

facies gneisses, that locally contain UHP relics, such

as microdiamonds in eclogite (Xu et al., 2003), as well

as granulitic relics (Wang et al., 1998; Faure et al.,

2003; Bryant et al., 2004), (ii) the Central Dabie Com-

plex, in the literature commonly also termed Dabie

ultrahigh-pressure (UHP; coesite–eclogite bearing)

Complex, (iii) the South Dabie Complex, containing

amphibolitized HP rocks, possibly also with UHP relics

(Li et al., 2004), (iv) the Susong Blueschist Complex,

and (v) the Yangtze fold-and-thrust belt. We use the

neutral subdivision North, Central, and South Dabie,

because UHP occurrences have been found in each unit

(see below) and, therefore, the subdivision based on

metamorphic grade and tectonic position has become

ambiguous.

In the Central Dabie Complex, the occurrence of

microdiamond constrains minimum P of ca. 30 kbar

(Xu et al., 1992, 2003). Phase petrology in the UHP

rocks indicates PT conditions of 42 kbar at 750 8C
(Schmid et al., 2003), which implies exhumation from

more than ca. 120 km depth. In the North Dabie Com-

plex, minimum pressures attained in eclogitic lenses

also allowed coesite and microdiamond formation

(e.g., Xu et al., 2003; Xie et al., 2004). Early Creta-

ceous granitoids (ca. 130 Ma, U–Pb zircon data, Xue et



Fig. 1. Geological map showing the location of the study area in the Dabie Shan. Sample locations are indicated. Modified from Schmid (2001),

based on unpublished mapping (1 :250.000) of the Anhui Institute of Regional Geological Survey (AIRGS).
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al., 1997; Hacker et al., 1998; Ratschbacher et al., 2000;

Chen et al., 2002; Zhang et al., 2002a) intruded all these

units, including supracrustal sediments and high grade

migmatites. Contemporaneously, mafic to ultramafic

igneous rocks were interpreted to have been generated

by partial melting of metasomatized mantle (Jahn et al.,

1999) or remelting of subducted lithosphere (Zhao et

al., 2005), respectively.

Lithological successions composing the Central

Dabie Complex represent reprocessed pre-Triassic

basement rocks (Rowley et al., 1997; Maruyama et

al., 1998) consisting of a Precambrian basement and

its cover complexes. Basement lithologies include

orthogenic gneisses, metabasites, and local ultramafic

assemblages, in the following described as Orthogneiss

Complex. The cover complexes (Changpu and Ganghe;

Schmid, 2001; Oberhänsli et al., 2002; Schmid et al.,

2003) are mainly composed of paragenic gneisses,

calcsilicate rocks, metasediments, meta-volcanics, and

meta-intrusives (Fig. 2).
Mineral relics of UHP metamorphism occur within

the Orthogneiss Complex and the cover complexes,

mostly in mafic eclogites and calcsilicate rocks. The

Ganghe and the Changpu Cover Complex record slight-

ly lower UHP peak conditions (37 kb/680 8C vs 42 kb/

750 8C; Schmid, 2001).

All lithological units experienced ultra-high and/or

high/medium-P metamorphism. During exhumation,

these rocks were overprinted at high to medium

pressure and slightly higher temperatures. Several

phases of extensive strain under UHP metamorphism

and during decompression/exhumation transposed the

compositional layering and created a pervasive folia-

tion. The various lithologies responded heteroge-

neously to differential stresses. For instance, the

Ganghe Cover Complex contains relics of the pro-

grade PT-path in low strain domains (Oberhänsli et

al., 2002).

Large scale tectonic reconstructions based on com-

binations of petrologic, stable and radiogenic isotope



Fig. 2. Schematic section of the Central Dabie Complex indicating the location of the samples.
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data, as well as fluid inclusion studies, were made by

Jahn (1998), Zheng et al. (1998, 2003), Xiao et al.

(2000), Schmid (2001), Fu et al. (2001), and based on

regional thermal modelling and fission-track data by

Webb et al. (1999), Ratschbacher et al. (2000), and

Grimmer et al. (2002).

U–Pb zircon and monazite ages (236F3, 223F4,

209F4 Ma; e.g., Ayers et al., 2002) and Sm–Nd min-

eral dating (226F4 Ma) revealed that UHP metamor-

phism occurred about 240–225 Ma ago (see also Ames

et al., 1993; Rowley et al., 1997; Chavagnac and Jahn,

1996; Hacker et al., 1998, 2000; Li et al., 2000, 2004).

Protolith ages of these polymetamorphic rocks domi-

nantly fall in the range of 700 to 800 Ma (e.g. Rowley

et al., 1997; Hacker et al., 1998, 2000). Zircon cores,

however, indicate ages up to 1.8 Ga (e.g., Maruyama et

al., 1998).

Rb–Sr data from phengitic white mica and Ar–Ar

mineral data from the UHP and HP units ranging be-

tween 225 and 210Ma (Webb et al., 1999; Li et al., 2000,

2004) suggest various exhumation increments. Ar–Ar

data from detrital phengitic mica in Mid-Jurassic fore-

land sediments to the south of the Dabie metamorphic

belt yield ages as old as 240F5Ma (e.g., Grimmer et al.,

2002).

Wang et al. (1998) consider the UHP and HP units

an extensional allochthon that is separated by a Creta-

ceous extensional detachment system from the under-

lying North Dabie Complex. In contrast, Zhang et al.

(2002a), Faure et al. (2003), and Bryant et al. (2004)

interpret this boundary as a thrust belt that emplaced the

UHP unit upon the gneisses of the North Dabie Com-
plex. In the paper of Zhang et al. (2002a), structural

considerations are used to suggest the undeformed

Cretaceous intrusives, distributed throughout the

Dabie metamorphic belt, to be genetically related to

migmatites and orthogneisses of the North Dabie Com-

plex. These rocks show similar retarded Pb isotopic

compositions and Sr–Nd isotopic compositions as Cre-

taceous rocks intruding the UHP and HP units (Franz et

al., 2001; Zhang et al., 2002a). In the North Dabie

Complex, orthogneisses and migmatites contain bou-

dins of UHP ultramafic rocks (garnet pyroxenites) that

locally show Sm–Nd garnet, rutile, whole rock, clino-

pyroxene isochron ages of 219F11 and 229F13 Ma,

indicating that parts of this unit also underwent Triassic

UHP metamorphism (Xie et al., 2004) and that migma-

tization post-dates HP–UHP metamorphism (Faure et

al., 2003). Eclogite xenoliths in Cretaceous granitoids

(Faure et al., 2003) and microdiamonds (Xu et al.,

2003, 2004) in this area are further indication of Trias-

sic UHP metamorphism. Evidence for UHP metamor-

phism in the North Dabie Complex has also been

documented by a petrological study of eclogite (Tsai

and Liou, 2000).

3. Analyzed metamorphic rock samples

Quartz–feldspar and most calcsilicate rocks from

the Central Dabie Complex are overprinted by intense

strain under amphibolite facies conditions at tempera-

tures above 600 8C (Liou et al., 1997). We analyzed

mineral phases from samples containing microlithons

(e.g., Bard, 1986) shielded from deformation during
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decompression, and, thus, provide information on the

prograde PT-path (sample 9864; GPS coordinates of

sample locations are given in Appendix B). We also

analyzed mineral phases from surrounding strained

domains (samples 9949, 9834, 99101, 99104, and

99144), which are intensively deformed. Geochrono-

logical data from these mineral phases are expected to

preserve the record of successive retrogressive stages:

Our data show that such domains are characterized by

pervasive recrystallization driven by dissolution precip-

itation creep at high temperatures. This was associated

with fluid access and decomposition of essentially all

UHP minerals. Locally, partial melting and crystalliza-

tion from melts (sample 9949) in the stability field of

plagioclase (MP) preceded dissolution precipitation

creep. The combination of these processes facilitates

resetting of radiogenic isotope systems (see discussion

below). There is no deformation record for the exhu-

mation path between UHP and medium pressure con-

ditions. The access of water in advanced stages of the

ascent history, however, favoured deformation (Manck-

telow and Pennacchioni, 2004). During continued as-

cent, localization of strain into mylonites (e.g., sample

99210) is associated with increasing viscosity contrasts

and formation of heterogeneously composed boudins at

different scales.

3.1. Prograde titanite and pervasive strain during ret-

rogressive metamorphism (calcsilicates, Changpu area;

9864)

3.1.1. Titanite generations

Calcsilicate rocks and marbles from the Changpu

area locally preserve UHP peak pressure conditions

(Fig. 3a). These rocks contain several generations of

titanite (in contrast to the quartzofeldspathic rocks) that

grew during the progressive and retrograde metamor-

phic evolution.
Fig. 3. Petrologic and isotopic data for calcsilicate sample 9864. (a)PT-path (m

growth conditions for pre-UHP titanite and matrix titanite. Mineral abbrevi

reaction depends on XCO2 and is shown for XCO2=0.001; higher XCO2 shifts

matrix (open squares) titanite show significant differences in chemical comp

metamorphism, has lower Al contents than the high aluminous HP matrix titan

syn-deformational matrix titanite) are shown for comparison. (c) The pre-UHP

deformation at high pressures. Rutile from this zone is overgrown by titanite (u

parallel nicols. (d) Phengitic white mica and coarse calcite grains show shape

boundaries (upper left) and elongated grain shapes indicate mass transfer by

Concordia diagram for nine samples taken along a profile through the titanite

matrix titanite has completely different isotopic ratios (Table 2). (f) Rb–Sr diag

227F5 Ma. Low initial 87Sr / 86Sr values (0.704) are consistent with Sr from

marbles, initial 87Sr / 86Sr ratios are as high as 0.708. Arrow in inset indicates
The oldest pre-deformational generation of titanite

is only preserved in calcsilicate rocks. This titanite

forms megacrysts and is older than the foliation. Due

to the large viscosity contrast between titanite and

carbonate (calcite or aragonite), it was not subjected

to deformation. Sporadic rutile inclusions, as well as

Al and F contents, suggest titanite formation at me-

dium pressure. The titanite megacryst shows a homo-

geneous Al2O3 content with a slight Al2O3 increase

towards the margin, which reflects pressure increase

(Fig. 3b). Within the rim zone, there are local sub-

grain boundaries. At the margin of the titanite mega-

cryst, there is a zone rich in rutile inclusions (verified

by Raman spectroscopy) that probably formed at

the expense of the titanite megacryst (Fig. 3c) by

the reaction titanite+CO2=rutile+calcite(aragonite)+

quartz(coesite).

The rutile grains show shape-preferred orientation

parallel to the external foliation indicating growth dur-

ing the early deformation stages. A second titanite

generation overgrew this inclusion-rich zone at the

rim of the megacryst. Concave titanite and convex

calcite phase boundaries suggest that this renewed tita-

nite growth occurred during annealing (Fig. 3c).

A third titanite generation occurs within the calcite

matrix. These small hypidiomorphic titanite grains are

characterized by significantly higher Al2O3 contents

(6.4–7.2 wt.%, Fig. 3b) than the titanite megacryst

and its recrystallized rims. Commonly, matrix titanite

shows inclusions of rutile. Thus, crystallization of ma-

trix titanite occurred during decompression (rutile+cal-

cite(aragonite)+quartz(coesite)= titanite+CO2), proba-

bly still syn-deformational under UHP conditions.

Titanite that grew during subduction and during

exhumation differ in initial Sr and Nd isotopic compo-

sition (Table 1) and in chemical composition (Fig. 3b).

U–Pb dating of these two titanite generations constrains

the time frame of subduction and exhumation and
odified after Schmid, 2001 and Carswell et al., 2000) showing the likely

ations according to Kretz (1983). The position of the titanite forming

the curve to higher temperatures. (b) Megacryst (closed diamonds) and

osition. The megacryst, which crystallized at LP/MP during prograde

ite. For comparison, titanite from sample 9834 (titanite in phengite and

titanite megacryst (bottom) shows a rutile-rich zone that formed during

pper left) during annealing at medium grade. Photo is ca. 0.2 mmwide,

preferred orientation. Within the calcite matrix concave/convex grain

diffusion creep (see text). Photo is ca. 0.4 mm wide, parallel nicols. (e)

megacryst. There are no systematic changes between core and rim. The

ram for phengite, biotite, and calcite. Phengite yields a two-point age of

other marbles of the Changpu area (Romer et al., 2003). In more silicic

the position titanite megacryst.
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brackets events of extensive strain, metasomatism, and

fluid infiltration into marble during exhumation from

UHP to mid-crustal conditions.
3.1.2. Deformation of the calcsilicates

Calcsilicates deformed at high pressure by disloca-

tion creep that was followed by static annealing. The



Table 1

Rb–Sr and Sm–Nd isotope data for a profile across a prograde titanite megacryst in marble 9864, Changpu area, Central Dabie Complex, Eastern

China

Sample Rba (ppm) Sra (ppm) 87Sr / 86Srb 87Sr / 86Src Sma (ppm) Nda (ppm) 147Sm/144Nd 147Nd/ 144Ndb eNd
d

1 0.35 130.8 0.707189F10 0.70716 912 0.511887

2 0.088 131.1 0.707217F10 0.70721 902 0.511875

3 0.11 131.9 0.707257F7 0.70725 262 934 0.1698 0.511886 �13.8
4 0.13 129.7 0.707310F7 0.70730 269 971 0.1678 0.511898 �13.5
5 0.38 135.3 0.707327F7 0.70730 234 864 0.1637 0.511868 �14.0
6 0.65 140.3 0.707446F7 0.70740 234 849 0.1662 0.511876 �13.9
7 0.32 136.0 0.707611F7 0.70759 236 861 0.1656 0.511861 �14.2
8 0.16 130.5 0.707276F11 0.70726 249 884 0.1705 0.511878 �14.0
9 0.45 141.1 0.707109F7 0.70708 230 801 0.1736 0.511887 �13.9
a Concentration determined by isotope dilution.
b Analytical uncertainties of the individual measurements are reported as 2rm

87Sr / 86Sr data are normalized with 87Sr / 86Sr=0.1194.
143Nd/ 144Nd data are normalized with 146Nd/ 144Nd=0.7219.
c Recalculation of 87Sr / 86Sr (T) to 240 Ma using k 87Rb=1.42E�11 y�1.
d Nd (T) calculated for 240 Ma using k 147Sm=6.54E�12 y�1, (147Sm/144Nd)0 CHUR=0.1967, and (143Nd/ 144Nd)0 CHUR=0.512638.
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microfabrics suggest the following crystallization his-

tory: Characteristic microfabrics in calcsilicate 9864

include locally elongated mineral aggregates of anor-

thite, biotite, clinozoisite, and rare titanite. These aggre-

gates may be pseudomorphs after deformed garnet and

reflect an early deformation increment probably at UHP

conditions. The decomposition of garnet and the asso-

ciated growth of titanite occurred at the static annealing

stage during decompression. High-Al titanite within the

calcite matrix had also formed at this stage. Carbonate

forms a strain supporting framework consisting of a

coarse grained calcite mosaic (300–500 Am) that

resulted from static grain growth (annealing) overprint-

ing the syn-deformational carbonate crystals, that must

have been aragonite. Accordingly, the calcite grains do

not show features of intracrystalline deformation. Only

locally, there is microtextural evidence, such as con-

cave/convex grain boundaries and absence of 1208
triple points (Fig. 3d) and distinctly elongated, but

internally strain-free, grains for deformation by disso-

lution precipitation creep. This may correlate with de-

formation under amphibolite facies conditions.

Abundant mechanical twinning formed during later

stages.

Large phengite crystals (350 Am) crystallized dur-

ing deformation, and show shape-preferred orientation

parallel to the mineral aggregates. They lack a dis-

tinct compositional zoning and have a high Si content

(3.6 Si p.f.u.), which is consistent with UHP meta-

morphism (Hermann, 2003; Massonne and Szpurka,

1997) and deformation of this rock together with the

neighbouring metasedimentary rocks. These metasedi-

mentary rocks have been shown to contain coesite

and jadeite (Carswell et al., 1996; Schmid, 2001).

Probably, rutile formation from the titanite megacryst
also occurred during UHP metamorphism. However,

due to the lack of garnet formation in association

with rutile, no precise PT-evaluation is possible.

Locally, phengite intergrown with biotite demon-

strates decomposition of phengite during decompres-

sion (Fig. 3d). Such phengite varies in Si-content from

3.4 (core) to 3.3 Si p.f.u. (rim) with patches of even

lower Si content (3.2 p.f.u.). Biotite growth is essen-

tially static, implying that the deformation must have

occurred at high pressure.

3.1.3. U–Pb data

The U–Pb system of titanite is able to survive tem-

peratures substantially higher than 700 8C, depending
on grain size and cooling rates, without experiencing

Pb-loss by volume diffusion (Frost et al., 2000). For

instance, Romer and Rötzler (2001, 2003) found titanite

that remained a closed system with respect to the U–Pb

system at temperatures as high as 1050 8C. Since

titanite may form by several different reactions involv-

ing a wide rage of precursor minerals, it may have a

heterogeneous initial Pb isotopic composition, which

could induce excess scatter among the age data and

yield too old ages if a precursor mineral had radiogenic

Pb (cf. Romer, 2001; Romer and Rötzler, 2003).

Textural relationships suggest that the titanite mega-

cryst grew during the prograde (burial) stage long

before peak pressure was reached (Fig. 3a). We ana-

lyzed nine samples that were cut along a profile across

the megacryst (Fig. 4). The margin with post-peak rutile

and abundant annealing textures could not be sampled.

The samples have U contents between ca. 216 and

288 ppm, and Pb contents between ca. 16 and 21 ppm

(Table 2). The blank corrected 206Pb / 204Pb values of all

nine samples range between ca. 110 and 120. The



Fig. 4. Pre-UHP titanite megacryst in calcsilicate (sample 9864).

Profile shows the location of the nine samples used for U–Pb dating.

Scale bar in mm.
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238U /204Pb ratios of ca. 2400–2700 are significantly

higher compared to those from titanite of nearby quart-

zofeldspathic samples (ca. 100). Nevertheless, since the

proportion of common lead is about 30% of the total Pb,

the choice of initial lead isotopic composition will affect

the apparent 206Pb / 238U ages, and the position of data

points in a concordia diagram. The initial Pb isotopic

composition is not accessible for analysis as the matrix

calcite had recrystallized and behaved as an open system

after the formation of the titanite megacryst. Therefore,

the common lead correction may be based on the regres-

sion of the nine samples in 206Pb / 204Pb vs. 238U/ 204Pb

and 207Pb / 204Pb vs. 235U /204Pb diagrams. Since these

regression lines could represent rotated mixing lines and

define incorrect values for the initial Pb, we tested

whether the titanite megacryst is likely to have had a

homogenous initial Pb isotopic composition by analyz-

ing (i) the isotopic composition of Sr and Nd, which

reflects the contribution from different precursor miner-

als, and (ii) the chemical composition, which shows the

combined effect of formation conditions and availability

of substituting ions (e.g., Fe, Al, F; Fig. 3b). The Sr and

Nd isotopic compositions (and chemical composition)

vary only slightly within the titanite megacryst and are

fundamentally different from titanite in the calcite matrix

(Tables 1 and 3). This suggests that Pb is likely to have

been isotopically homogeneous and that the U–Pb sys-
tem of the titanite megacryst remained closed. Calcite in

the matrix changed its Sr isotopic composition after

titanite crystallisation. Marble samples from the Central

Dabie Complex show a systematic variation from crustal
87Sr / 86Sr values to mantle-like 87Sr / 86Sr values, which

have been interpreted to reflect fluid infiltration during

UHP metamorphism (Romer et al., 2003). The Sr isoto-

pic composition of these marbles correlates with the Pb

isotopic composition, the samples with the least radio-

genic 87Sr / 86Sr having the highest 206Pb / 204Pb (Romer,

unpubl. data). Initial titanite Pb has been corrected using

a Pb isotopic composition that corresponds in the Pb–Sr

isotopic variation trend to a 87Sr / 86Sr of 0.70719–

0.70761. The use of a more radiogenic initial Pb would

reduce the 206Pb / 238U age no more than 1–2 Ma.

All fractions yield concordant data that fall in the
206Pb / 238U age range between 240 and 250 Ma (Fig.

3e). If the titanite megacryst showed closed system

behaviour during UHP and subsequent metamorphic

overprint, the ages would put an age constraint on the

progressive metamorphic stage. We consider the weight-

ed mean 206Pb / 238U age of 244F3 Ma a conservative

estimate for titanite formation and, thus, the maximum

age constraint for UHP metamorphism. This age of

titanite agrees well with the slightly younger U–Pb

monazite and zircon and Ar–Ar phengite age data at-

tributed to UHP metamorphism (Hacker et al., 2000;

Ayers et al., 2002). In agreement with our titanite age, Li

et al. (2004) reported an U–Pb zircon age of 242F3 Ma

for the onset of peak pressure and interpreted Ar–Ar

paragonite data of 246F10 and 241F3 Ma as mineral

crystallization during prograde metamorphism.

Matrix titanite is less radiogenic and yields a younger

apparent age than the titanite megacryst, which corrobo-

rates with the late stage nature of matrix titanite. The U–

Pb isochron diagram indicates that the initial Pb isotopic

composition of matrix titanite, calcite, clinozoisite and

other matrix phases may have been heterogeneous. The

small range in 238U /204Pb values precludes a precise age

determination. For matrix titanite, the apparent
206Pb / 238U age for the clinozoisite–titanite pair is

214F4 Ma (2r), whereas the apparent 206Pb / 238U age

for the calcite–titanite pair is 209F7 Ma (2r). Whether

either of these apparent ages has geologic significance

depends on the initial Pb isotopic composition of the

used minerals.

3.1.4. Rb–Sr analyses

Rb–Sr analyses were made from calcite, phengite,

biotite, and the titanite megacryst. The low 87Sr / 86Sr

value (0.70457, Table 3) of the marble contrasts with

markedly more radiogenic 87Sr / 86Sr values (0.70711–



Table 2

U–Pb data of calcsilicate sample 9864 (subsamples of the titanite megacryst, matrix titanite, calcite and clinozoisite) and gneissic migmatite sample

9949 (titanite and epidote) from the Central Dabie Complex

Sample Sample

weight

Concentrations Corrected ratiosa Calculated ratiosb Apparent ages [Ma]c

[mg] U

[ppm]

Pb

[ppm]

206Pb /
204Pb

207Pb /
204Pb

208Pb /
204Pb

238U/
204Pb

206Pb /
238U

207Pb /
235U

207Pb /
206Pb

206Pb /
238U

207Pb /
235U

207Pb /
206Pb

9864

9864.1 titanite 0.457 274 18.7 118.74 20.85 67.22 2627 0.0386 0.274 0.0515 244 246 262

9864.2 titanite 0.447 265 18.2 117.67 20.80 67.31 2600 0.0386 0.274 0.0515 244 246 265

9864.3 titanite 0.744 240 17.6 109.90 20.47 70.46 2375 0.0390 0.281 0.0523 247 252 299

9864.4 titanite 0.435 283 18.8 120.26 20.85 66.52 2705 0.0381 0.266 0.0507 241 239 225

9864.5 titanite 1.232 216 15.6 110.09 20.37 70.59 2410 0.0385 0.271 0.0511 244 244 245

9864.6 titanite 0.617 288 19.8 120.02 20.80 71.52 2680 0.0383 0.266 0.0503 242 239 209

9864.7 titanite 0.743 270 19.1 119.39 20.81 71.35 2595 0.0393 0.275 0.0508 249 247 230

9864.8 titanite 0.746 297 20.9 119.62 20.93 71.83 2614 0.0391 0.280 0.0518 248 250 278

9864.9 titanite 0.485 278 19.0 117.52 20.65 69.89 2644 0.0379 0.262 0.0501 240 236 198

9864.10 matrix-titanite 0.214 49.7 8.29 37.88 16.73 43.02 509.9 0.0330 0.188 0.0414 209 175

9864 calcite 0.716 0.0547 10.9 21.12 16.04 39.25 0.290

9864 clinozoisite 0.622 0.15 0.63 21.11 15.90 39.01 15.86

9949

9949.1 titanite 0.253 87.3 54.9 20.76 15.60 38.26 104 0.0378 0.325 0.0624 239 286 689

9949.2 titanite 0.608 86.9 54.3 20.76 15.59 38.11 104 0.0375 0.307 0.0594 238 272 581

9949.3 titanite 0.671 94.0 61.9 20.53 15.60 38.18 98.7 0.0373 0.332 0.0645 236 291 759

9949.4 epidote 0.871 13.1 200 17.00 15.37 37.56 4.02 0.0396 250

9949.5 epidote 1.344 18.5 328 16.97 15.38 37.60 3.45 0.0362 229

9949.6 epidote 0.911 15.0 343 16.94 15.36 37.51 2.67 0.0372 235

9949.7 epidote 0.556 14.7 270 16.97 15.36 37.52 3.33 0.0384 243

a Lead isotope ratios corrected for 0.1% per a.m.u. fractionation, 15 pg Pb blank, isotopic tracer, and initial lead.
b U corrected for 0.1% per a.m.u. fractionation and 1 pg U blank. A 205Pb–235U mixed tracer was used to determine the various Pb /U ratios. All

uncertainties were calculated taking into consideration measurement errors, 30% uncertainty for the fractionation correction, 50% uncertainty for the

blank level and uncertainties for the common Pb composition as shown below and comparable uncertainties for blank Pb composition. The

uncertainty of 205Pb / 235U in the tracer is less than 0.3%. Data reduction was performed by Monte Carlo modelling of 1000 random normally

distributed data sets that fit above uncertainty limits, allowing for error correlation when appropriate. Uncertainties of 206Pb / 238U, 207Pb / 235U, and
207Pb / 206Pb range from 0.5–1.7%, 2.3–3.8%, and 2.0–3.5%, respectively, but for the U-poor titanite from sample 9949. These uncertainties of
207Pb / 235U and 207Pb / 206Pb of 10–12%, and the error correlation between 206Pb / 238U and 207Pb / 235U of 0.4–0.6 largely depend on the measured
206Pb / 204Pb.
c Apparent ages were calculated using the decay constants for U and Th recommended by IUGS (Steiger and Jäger, 1977) and initial lead isotopic

compositions: 208Pb : 207Pb : 206Pb : 204Pb=37.2 :15.5 :17.3 :1, for sample 9864.1 to 9864.9, and calcite compositions 39.22 :16.03 :21.07 :1 for

sample 9864.10, resp.; 208Pb : 207Pb : 206Pb : 204Pb=37.5F 0.06 :15.4F0.01 :16.8F0.01 :1 for sample 9949.
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0.70759, Table 1) of the prograde titanite megacryst.

Since titanite carries essentially no Rb and its initial Sr-

isotopic composition is determined by the phases con-

sumed during titanite growth, the relatively homoge-

neous initial 87Sr / 86Sr of titanite and its more

radiogenic composition than the marble–Sr implies: (i)

During titanite growth, there was no significant change

in precursors, as otherwise their Sr (and Nd) isotopic

composition (Table 1) would have been more variable;

(ii) calcite, the major Sr carrier, was inert during titanite

growth or – more likely – changed its Sr isotopic com-

position during later fluid-infiltration and recrystalliza-

tion (cf. Romer et al., 2003). The phengite sample

consists of a few large grains without biotite rims. This

fraction contains predominantly unzoned phengite with a
Si content of 3.6 p.f.u., corresponding to UHP conditions

(Hermann, 2003). The Rb–Sr phengite–calcite age

(227F5 Ma) represents the age for phengite crystalliza-

tion if phengite formed after calcite had acquired its

unradiogenic Sr. This age, however, will be slightly too

old if phengite formed before calcite acquired its low
87Sr / 86Sr.

The biotite–calcite age is 206F2 Ma. As fluid

infiltration and alteration of the Sr isotopic composition

in calcite (Romer et al., 2003) occurred at higher pres-

sures than biotite growth, the obtained age dates biotite

growth during retrograde metamorphism (at rather high

pressures). Consistently, in this sample, both mica ages

are significantly older than mica ages from quartz

feldspar gneisses.



Table 3

Rb–Sr data of samples 9864 (calcsilicate), 9949 (gneissic migmatite), 9834 (orthogneiss deformed as HT), 99101 and 9837 (gneissic eclogite),

99105 and 99104 (gneisses from localized shear zones) from the Central Dabie Complex

Sample no. Sample Rb [ppm]a Sr [ppm]a 87Rb/ 86Sr 87Sr / 86Sr F2rm

9864.1 Biotite 245 7.7 94.9 0.98295 0.00001

9864.2 White mica 241 42.9 16.3 0.75658 0.00001

9864.3 White mica 235 42.9 16.0 0.75660 0.00001

9864.4 Calcite 0.2 1571 0.00 0.70458 0.00001

9864.5 Titanite megacryst 0.1 128.8 0.00 0.70712 0.00001

9949.1 Biotite 406 6.8 180.5 1.18659 0.00003

9949.2 White mica 260 15.2 50.3 0.85137 0.00001

9949.3 Feldspar 54.6 339.0 0.47 0.71281 0.00001

9949.4 Epidote 4.0 4957 0.00 0.71166 0.00001

9834.1 White mica 245 152.7 4.65 0.72275 0.00004

9834.2 White mica 234 93.3 7.27 0.73089 0.00001

9834.3 White mica 97.2 407.0 12.1 0.73029 0.00004

9834.4 Whole rock 46.1 5182 0.03 0.70945 0.00004

9834.5 Feldspar 30.2 860.5 0.10 0.70953 0.00001

9834.6 Feldspar 28.1 849.4 0.10 0.70953 0.00001

9834.7 Clinozoisite 3.1 8177 0.00 0.70936 0.00001

9834.8 Clinozoisite 0.7 6499 0.00 0.70942 0.00001

9834.9 Titanite 1.7 422.7 0.01 0.70771 0.00001

99101.1 White mica 289 142.4 5.89 0.73168 0.00001

99101.2 Whole rock 75.6 133.3 1.64 0.71835 0.00001

99101.3 Clinopyroxene 16.0 146.7 0.32 0.71426 0.00001

99101.4 Clinopyroxene 0.1 122.9 0.00 0.71426 0.00001

9837.1 White mica 290 283.3 2.96 0.72229 0.00004

9837.2 White mica 284 285.2 2.88 0.72230 0.00004

9837.3 Whole rock 74.6 135.7 1.59 0.71784 0.00004

9837.4 Epidote 22.5 1574 0.04 0.71375 0.00001

9837.5 Clinopyroxene 9.9 71.2 0.40 0.71489 0.00001

9837.6 Clinopyroxene 5.7 62.7 0.26 0.71471 0.00001

9837.7 Feldspar 0.1 0.5 0.50 0.71582 0.00003

99104.1 Biotite 360 2.3 512 2.01513 0.00024

99104.2 White mica 337 88.0 11.1 0.74812 0.00002

99104.3 White mica 334 88.0 11.0 0.74779 0.00001

99104.4 Whole rock 97.4 204.5 1.38 0.71855 0.00001

99104.5 Epidote 1.5 462.5 0.01 0.71504 0.00001

99104.6 Feldspar 0.1 1.5 0.24 0.71712 0.00004

99105.1 Biotite 413 1.6 918 3.05385 0.00072

99105.2 Whole rock 111 92.7 3.47 0.72492 0.00001

99105.3 Whole rock 110 3.3 96.6 0.67033 0.00001

99105.4 Epidote 4.7 303.6 0.04 0.71663 0.00001

99105.6 Feldspar 0.1 1.4 0.26 0.71937 0.00001

a Concentrations were determined by isotope dilution and mixed 87Rb–84Sr tracers.
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3.2. Decompressional partial melting and HT deforma-

tion (gneissic migmatite of the Orthogneiss Complex)

Sample 9949 is a leucocratic granoblastic white

mica–biotite–plagioclase–K-feldspar gneiss. This gneiss

occurs close to the boundary between Central Dabie

Complex and North Dabie Complex, the Wuhe Shuihou

Fault (after Bryant et al., 2004). Like many quartzofelds-

pathic rocks from the Orthogneiss Complex, this sample

has been intensively deformed at high temperature dur-

ing decompression (Fig. 5a). It does not show any min-

eralogical evidence for the UHP stage. Large epidote
grains (partly with hypidiomorphic allanite/clinozoisite

core, Fig. 5d), idiomorphic titanite, and abundant micro-

cline suggest crystallization of these minerals from a

partial melt or from fluids, consistent with the decom-

pressionPT-path being within the partial melting domain

of wet granitic crust. The gneiss shows a three stage

history, whereby the older stages (i) and (ii) are preserved

in microlithons that are not affected by the younger

deformation (e.g. Bard, 1986): (i) partial melting is

followed by (ii) strain accumulation and grain growth

at low differential stresses and high temperature (about

600 8C or higher, Vernon, 1999). Subgrain boundaries in
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feldspar, bulging of new feldspar grains, concave/con-

vex grain boundaries (lack of equilibrium grain bound-

ary configurations), and inhomogeneous grain size

distribution demonstrate that dissolution precipitation

creep (diffusion creep) was the predominant deformation

mechanism. Shape-preferred orientation of slightly elon-

gated feldspar grains and of grain boundaries define a

weak foliation plane (Fig. 5b). Abundant quartz inclu-

sions in K-feldspar result from recrystallized myrmekite.

Microshear zones of a younger deformation stage (iii)

are concentrated into white mica–biotite–quartz, feld-

spar–quartz, and pure quartz domains surrounding the

microlithons. Locally, biotite decomposed during cool-

ing to chlorite and ilmenite.

Within the microlithons, relics of white mica are

oriented within the foliation plane and form symplecti-

tic intergrowth with K-feldspar and biotite that formed

at the expense of older phengite. The white mica relics

show a Si component of 3.3 p.f.u., consistent with a

crystallization pressure of ca. 18 kbar (see discussions

in Hermann, 2003; Massonne and Szpurka, 1997). The

stability of plagioclase sets an upper pressure limit of

20 kbar at the given temperature. This rather narrow

pressure bracket is interpreted to either reflect the con-

ditions of crystallization from a partial melt, or, more

likely, a solidus reaction after crystallization of the melt.

The white mica formed from an older phengite with

higher Si that formed at HP.

3.2.1. U–Pb data

Idiomorphic titanite shows shape preferred orienta-

tion parallel to the microlithons’ foliation plane and is

locally fractured (Fig. 5c). Epidote megacrysts (with

an allanite/clinozoisite core) show undulatory extinc-

tion (Fig. 5d). Local subgrain boundaries within epi-

dote show that titanite and epidote, which had

crystallized from the melt, remained stable during

deformation. There is no rutile. The mineral paragen-

esis restricts P–T conditions during melt crystallization

and deformation below the pressure-sensitive titanite-
Fig. 5. Quartzofeldspathic gneiss from the Changpu area (sample 9949). (a) P

characterized by decompressional partial melting and growth of titanite and

(1981). Mineral abbreviations according to Kretz (1983). (b) Microfabrics

quartzofeldspathic rocks was mostly accommodated by diffusion precipitation

shape orientation, and a distinct lack of equilibrium grain boundary configur

boundaries). Photo is ca. 2.3 mm wide, crossed nicols. (c) Syn-deformatio

characteristics of grain boundary migration (elongated grains internally strain

parallel nicols. (d) Within the microlithons, predeformative epidote megacrys

Photo is ca. 1.2 mm wide, crossed nicols. (e) 238U–206Pb isochron diagram

samples, respectively, yielding 238F1 Ma. (f) Rb–Sr isochron diagram for fe

the multistage deformation history – the isotopic heterogeneity among the m
forming reaction anorthite+ titanite+V=clinozoisite+

rutile+quartz, which may occur at P N15 kbar, at T ca.

700 8C, assuming XCO2=0.1 (Ye et al., 2002; Hol-

land and Powell, 1990).

Titanite and epidote are considered to be cogenetic

and to belong to a single generation. Epidote over-

growth on allanite reflects continuous crystallization

from a partial melt progressively more depleted in

REE (cf. also Romer and Xiao, 2005). Because of the

unradiogenic Pb isotopic composition of titanite and

epidote (Table 2), the age was determined from an

isochron in the 206Pb / 204Pb vs. 238U / 204Pb diagram

(Fig. 5e). 238U–206Pb isochron dating is advantageous

for samples with low 206Pb / 204Pb ratios, because no

estimate for the initial Pb isotopic composition is re-

quired. In this sample, titanite yields 206Pb / 204Pb blank

corrected ratios of only ca. 21. Three titanite fractions

yield a 206Pbrad /
238U value of ca. 0.038, which corre-

sponds to an apparent age of 236–239 Ma (Table 2).

The regression line defined by epidote–titanite data in

the 206Pb / 204Pb vs. 238U / 204Pb diagram corresponds to

an age of 238F1 Ma (2r; Fig. 5e) with an initial
206Pb / 204Pb of 16.84F0.01.

This epidote–titanite 206Pb / 238U age represents a

robust age constraint for crystallization from a partial

melt, being homogenous in its initial Pb isotopic com-

position, during a first rapid exhumation to amphibolite

facies conditions. As crystallization occurred from the

partial melt at a pressure of ca 18–20 kbar (Fig. 5a), this

age constrains the emplacement of this UHP rock at a

depth corresponding to 18–20 kbar.

Interestingly, this age falls within the age range

obtained for UHP metamorphism (Ayers et al., 2002;

Liu et al., 2004a,b; Li et al., 2004), thus indicating

polychronous UHP metamorphism and uplift. Crystal-

lization ages of strongly deformed potassium feldspar-

rich dikes (partial melts) from the Sulu UHP terrain

overlap with the age of peak UHP metamorphic condi-

tions, also implying the presence of melt during meta-

morphism and exhumation (Wallis et al., 2005).
T-path showing the likely conditions for the HT metamorphic episode

associated minerals. Wet granite solidus curve after Stern and Wyllie

of the microlithons show that high-temperature deformation in the

creep. This is indicated by elongated quartz and feldspar grains, grain

ations (no 1208 triple junctions, no straight, but concave/convex grain

nal titanite between elongated quartz and feldspar domains showing

free, lack of equilibrium grain boundaries). Photo is ca. 0.4 mm wide,

ts (partly with clinozoizisite core) show locally undulatory extinction.

showing two data clusters defined by three titanite and four epidote

ldspar, epidote, white mica, and biotite – illustrating in agreement with

ineral phases.
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3.2.2. Rb–Sr analyzes

The Rb–Sr systematics of this rock (Fig. 5f, Table 3)

shows significant scatter that either implies the initial Sr

isotopic heterogeneity between epidote, white mica,

feldspar, and biotite or reflects a multistage crystalliza-

tion and deformation history (microlithons and micro-

shear zones).

The Rb–Sr ages of 195F2 Ma (2r) for white

mica and 185F2 Ma (2r) for biotite are obtained

independently whether feldspar or epidote is used to

constrain the low-87Sr / 86Sr member of the two-point

isochron. Special care was taken to analyze fractions

of pure biotite (free of chlorite and ilmenite inter-

growth) and white mica (Si content ca. 3.3 p.f.u.) to

diminish the effect of mixing with less radiogenic or

younger components. Since the incorporation of less

radiogenic Sr would result in too young ages, the

Rb–Sr mica ages yield minimum age constraints for

exhumation and emplacement of this rock in the

middle crust.

3.3. Subsequent episodes of HT deformation (Ortho-

gneisses 9834, 99144)

The following two samples show subtle, though

important differences in microfabrics that are the ex-

pression of particular structural positions. Sample 9834

has been deformed during cooling. Its fabrics are typi-

cal for rocks deformed close to a shear zone causing

exhumation of (HP) rocks into a mid-crustal level.

Sample 99144 is tempered as the result of slow cooling

after deformation, typically for rocks distant from

bounding shear zones. Since the internal structure of

the Central Dabie Complex is poorly known, we dis-

cuss the two HT-gneisses from the Orthogneiss Com-

plex separately, as they could belong to distinct

subunits differing in the timing of their exhumation.

3.3.1. Sample 9834

Microfabrics of a clinozoisite–titanite bearing

gneiss (sample 9834, Fig. 1) reveal fluid access and

nearly complete re-equilibration at HT below the sta-

bility field of eclogite, succeeded by intense pervasive
Fig. 6. Clinozoisite–titanite bearing gneiss (sample 9834). (a) PT-path show

mineral growth linked to a HT deformation episode. Mineral abbreviations a

episode. The main mineral assemblage An-plagioclase, quartz, phengitic wh

elongated crystals parallel to the foliation. Idiomorphic titanite is also syn

preferred orientation of syn-deformational titanite parallel to the foliation a

photograph). Photo is ca. 0.2 mm wide, parallel nicols. (d) Titanite inclus

Clinozoisite is associated with phengitic white mica showing kinks. Photo is

for mineral phases that define the macroscopic strain features. The age of 2

syn-deformational mineral phases that did not have a homogeneous initial S
strain still at high temperatures (Fig. 6a). HT-deforma-

tion is constrained by quartz microfabrics, such as

subgrain boundaries subnormal and subparallel to the

trace of the crystallographic [c]-axis indicating activa-

tion of [c]-slip in quartz consistent with strain accu-

mulation at subsolidus conditions (Berté et al., 1979;

Gapais and Barbarin, 1986). However, quartz domains

do not coalesce to a strain supporting framework and

dissolution precipitation creep was the dominant de-

formation mechanism. Abundant microtectonic fea-

tures characteristic for dissolution precipitation creep

include elongated plagioclase and quartz crystals that

are internally strain-free, concave/convex grain and

phase boundaries, and the lack of equilibrium grain

boundary configurations. Dissolution precipitation

creep is an effective mechanism for isotopic exchange

(Krohe and Wawrzenitz, 2000). This deformation

overprinted an older deformation episode dominated

by dislocation creep involving dynamic (re-)crystalli-

zation. This is indicated by the bimodal grain size

distribution of clinozoisite, epidote, and mica. A

shape preferred orientation of all minerals defines

the foliation (Fig. 6b).

Larger minerals of clinozoisite-1, epidote-1, and

phengitic white mica-1 reach 1–2 cm size. They are

older than the mesoscopic foliation. The syn-deforma-

tional matrix domains are mainly composed of clinozoi-

site-2, An-plagioclase, epidote-2, and phengitic white

mica-2 with a grain size not exceeding 1 mm. Typically,

the Si content (ca. 3.3 p.f.u.) is identical for the two

generations of phengitic white mica. Pre-deformative

grains do not show compositional zoning. Pre- and

syn-deformational grains have similar and homogeneous

Si contents, suggesting crystallization of both under the

same PT-conditions, may be in close temporal associa-

tion. However, the lack of biotite and K-feldspar pre-

cludes a pressure estimation by phengite-barometry.

Stability of clinozoisite (at the given T) evidences syn-

deformational P Nca. 10 kbarbca. 20 kbar, i.e., below

the eclogite-stability field (Fig. 6a).

Titanite is syn-deformational with respect to the high

temperature strain episode. There are two types of

titanite, i.e., in the matrix and included in phengite
ing the likely conditions for syn-deformational titanite and cogenetic

ccording to Kretz (1983). (b) Gneiss is characterized by a high-T strain

ite mica, epidote, and clinozoisite shows preferred orientation of the

-deformational. Photo is ca. 2.3 mm wide, parallel nicols. (c) Shape

s defined by phengite (upper part) and clinozoisite (lower part of the

ion (idiomorphic, center of photo) in pre-deformational clinozoisite.

ca. 1.4 mm wide, parallel nicols. (e) 238U–206Pb multimineral isochron

24F2 Ma dates the HT deformation. (f) Rb–Sr isochron diagram for

r isotopic composition.
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and clinozoisite. Since both kinds of titanite have crys-

tallized in the same geochemical environment, their

similar contents of F, Ti, Al, and Fe suggest that they

had grown under the same PT-conditions (Fig. 6c).

Titanite within the syn-deformational matrix had crys-

tallized during shearing related to the early deformation

episode (Fig. 6b). Titanite inclusions in large clinozoi-

site (Fig. 6d) and phengite crystals suggest continued

growth of clinozoisite and phengite during later defor-

mation, or after deformation, probably in close tempo-

ral association.

3.3.1.1. U–Pb data. U–Pb analyses were made from

titanite, clinozoisite-1, epidote, and plagioclase. These

minerals defining the macroscopic fabric had recrys-

tallized under conditions when dissolution precipita-

tion creep was the dominant deformation process.

This process more effectively supports mixing and
Table 4

U–Pb data of orthogneiss samples 9834 and 99144, both deformed at HT,

Sample Sample

weight

Concentrations Corrected ratiosa

[mg] U [ppm] Pb [ppm] 206Pb / 204Pb 20

9834

9834.1 clinozoisite 0.530 2.10 948 16.99 15

9834.2 clinozoisite 1.015 1.81 911 16.99 15

9834.3 clinozoisite 1.037 1.85 887 16.97 15

9834.4 epidote 0.518 4.20 312 17.01 15

9834.5 epidote 0.599 4.39 320 17.00 15

9834.6 epidote 0.569 4.62 343 17.01 15

9834.7 feldspar 0.664 0.09 22.2 16.97 15

9834.8 titanite 0.497 43.1 44.0 19.18 15

9834.9 titanite 0.551 34.7 44.0 18.71 15

9834.10 titanite 0.454 45.4 42.6 19.38 15

9834.11 titanite 0.361 24.9 32.1 18.75 15

9834.12 titanite 0.505 31.1 37.1 18.86 15

99144

99144.1 titanite 0.816 111 19.2 32.13 16

99144.2 titanite 0.509 104 18.6 31.66 16

99144.3 epidote 0.155 42.4 291 17.48 15

99144.4 garnet 1.138 0.22 0.49 17.90 15

99144.5 garnet 0.795 1.40 6.22 17.76 15

a Lead isotope ratios corrected for 0.1% per a.m.u. fractionation, 15 pg P
b U corrected for 0.1% per a.m.u. fractionation and 1 pg U blank. A 205Pb–

uncertainties were calculated taking into consideration measurement errors, 3

blank level and uncertainties for the common Pb composition as shown

uncertainty of 205Pb / 235U in the tracer is less than 0.3%. Data reduction w

distributed data sets that fit above uncertainty limits, allowing for error correl
207Pb / 206Pb range from 0.35–0.76%, 0.44–0.82%, and 0.06–0.41%, respect

correlation between 206Pb / 238U and 207Pb / 235U of 0.55–0.99 largely depe
c Apparent ages were calculated using the decay constants for U and Th rec

compositions (see text): 208Pb : 207Pb : 206Pb : 204Pb=36.8 :15.3 :16.5 :1 for sa

99144.
redistribution of elements over larger distances com-

pared to dislocation creep (Krohe and Wawrzenitz,

2000). Titanite samples yield U contents between ca. 25

and 43 ppm, and Pb contents between ca. 32 and 44 ppm

(Table 4). Pb of all samples is very unradiogenic. The

blank corrected 206Pb / 204Pb values range between 18.75

and 19.18 for the titanite samples and from 16.97 to

17.01 for clinozoisite, epidote, and feldspar samples.

In the 238U/ 204Pb vs. 206Pb / 204Pb isochron diagram

(Fig. 6e), all 12 analysed fractions from the clinozoi-

site–titanite bearing gneiss 9834 fall on a regression

line. Provided closed system behavior and a common

initial Pb isotopic composition of all mineral phases, its

slope corresponds to an age of 224F2 Ma and yields

an initial 206Pb / 204Pb ratio of 17.0.

A homogeneous initial Pb isotopic composition

probably was supported by high-T metamorphism and

deformation. The isochron consequently sets a time
from the Central Dabie Complex

Calculated ratiosb Apparent

ages [Ma]c

7Pb / 204Pb 208Pb / 204Pb 238U/ 204Pb 206Pb / 238U 206Pb / 238U

.38 37.49 0.14

.38 37.49 0.12

.39 37.53 0.13

.39 37.52 0.83

.38 37.48 0.84

.40 37.56 0.83

.38 37.49 0.26

.51 37.84 62.2 0.0302 192

.49 37.72 49.6

.52 37.88 68.0 0.0305 194

.51 37.82 49.0 0.0295 187

.47 37.74 52.9

.14 38.50 438 0.0338 215

.23 38.78 422 0.0340 216

.43 37.71 9.03

.29 37.34 27.3

.57 38.05 14.1 0.0327 207

b blank, isotopic tracer, and initial lead.
235U mixed tracer was used to determine the various Pb /U ratios. All

0% uncertainty for the fractionation correction, 50% uncertainty for the

below and comparable uncertainties for blank Pb composition. The

as performed by Monte Carlo modelling of 1000 random normally

ation when appropriate. Uncertainties of 206Pb / 238U, 207Pb / 235U, and

ively, but for the two U-rich samples. These uncertainties and the error

nd on the measured 206Pb / 204Pb.

ommended by IUGS (Steiger and Jäger, 1977) and initial lead isotopic

mple 9834; 208Pb : 207Pb : 206Pb : 204Pb=37.2 :15.5 :17.3 :1 for sample
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constraint for HT deformation at P–T conditions below

the eclogite (jd+grt) stability field, at P Nca. 10

kbarbca. 20 kbar (Fig. 6a).

3.3.1.2. Rb–Sr data. The Rb–Sr data of feldspar, clino-

zoisite-1, white mica-1, titanite, and whole rock samples

scatter, which may reflect (i) initial Sr isotopic hetero-

geneity of the metamorphic reactants, including the in-

vading fluid, and incomplete mixing and redistribution

of Sr (Fig. 6f, Table 3) or (ii) a polystage evolution of

some phases. A Rb–Sr isochron, calculated with titanite

and white mica, yields 226F4 Ma, which agrees with

the 206Pb / 238U multimineral isochron age. The Rb–Sr

system of white mica has been shown to be rather

resistant during metamorphic overprint (Mposkos and

Wawrzenitz, 1995; Freeman et al., 1997; Glodny et al.,

1998). Since white mica and titanite show no composi-

tional zonation (of Fe, Al, Ca, Mg, Si), it is likely that

they yield crystallization ages for HT-deformation (Fig.

6a), albeit isotopic equilibrium among the two mineral

phases cannot be shown using independent evidence.

The Sr isotopic composition of the low 87Rb / 86Sr

samples feldspar, clinozoisite, and whole rock is more

radiogenic than that of titanite. Using these minerals to

constrain the Rb–Sr age of white mica would result in a

younger age (205F16 Ma). Recrystallization of feld-

spar and clinozoisite during deformation and exhuma-

tion of this rock may have facilitated incorporation of a

more radiogenic Sr into these minerals, which would

flatten the slope of the isochron and deprive the youn-

ger apparent age of geochronological significance (ro-

tated mixing line).

3.3.2. Sample 99144

This sample is a leucocratic granoblastic gneiss from

the Orthogneiss Complex (Fig. 1), consisting mainly of

K-feldspar, plagioclase, quartz, and minor garnet and

epidote. Elongated but internally strain free quartz and

feldspar grains show shape preferred orientation and

lack of equilibrium grain boundary configurations (Fig.

7b), typically with younger, smaller grains bulging into

older, larger ones. Such microfabrics, reflect accumu-

lation of intense strain at high temperatures, especially

by dissolution precipitation creep during decompres-

sion (Fig. 7a). This type of deformation is typical for

most quartzofeldspathic rocks from the Orthogneiss

Complex and occurs at low differential stresses and

high temperatures (Carter and Tsenn, 1987). Three

types of titanite reflect dissolution precipitation creep

during the HT deformation. (i) Idiomorphic titanite

shows shape preferred orientation parallel to the folia-

tion plane (Fig. 7b) and is interpreted to have precipi-
tated during deformation in presence of fluids. (ii)

Titanite occurs as inclusions in feldspar. (iii) Local

titanite aggregates display irregular, corroded margins.

These are interpreted as remnants of titanite dissolved

during deformation. Since this process occurs repeat-

edly during progressive deformation, all three types of

titanite grew essentially coevally. The absence of rutile

suggests that syn-deformation P–T conditions were

below the pressure sensitive titanite-forming reaction

Czo+Rut+Q=An+Tit+V.

There are two generations of garnet. The older,

brownish garnet together with K-feldspar is character-

ized by relatively high Mg and Fe contents, irregular

grain shape, and corroded margins. The younger, pinkish

garnet is smaller and forms hypidiomorphic grains (Fig.

7c). There are also two generations of epidote. Older

epidote with an allanite-rich core shows corroded mar-

gins and is typically larger than newly formed epidote.

3.3.2.1. U–Pb data. U–Pb analyses were made on

clear idiomorphic titanite, clear light-green core-free

epidote, and pink second-generation garnet (Table 4).

The older brownish garnet was not analysed due to

abundant inclusions. All dated mineral phases partici-

pated in the dissolution precipitation process, possibly

in the presence of fluids. The U–Pb system may have

been reset during recrystallization. Provided closed sys-

tem behaviour, and a homogenous initial Pb isotopic

composition, the isochron age is therefore interpreted to

constrain deformation controlled by dissolution precip-

itation creep (at pressures between about 10–20 kbar,

below the eclogite stability field) (Fig. 7a). Several

fractions of titanite together with epidote and pink gar-

net yield an U–Pb isochron age of 218F3 Ma (Fig. 7d).

3.4. Localized shear zones associated with emplace-

ment and cooling

Localized shear zones represented by samples

99104, 99105, and 99210 formed at various conditions

from medium to low grade and caused emplacement

of the UHP subunits in the upper crust. Shear zones

represented by samples 99104 and 99105 surround

boudins preserving UHP rocks (sample 99101,

99102) within amphibolite facies rocks. A shear

zone represented by sample 99210 separates tectonic

complexes with differing PT-histories (Fig. 1).

3.4.1. UHP eclogite boudin, retrogression and sur-

rounding shear zones (99101–99105, 9837)

To the NW of Changpu, near Yanhe (Orthogneiss

Complex) boudins of phengite eclogite and eclogitic



Fig. 7. Leucocratic granoblastic gneiss from Orthogneiss Complex (sample 99144). (a) PT-path showing the conditions for syn-deformational

titanite growth during a HT deformation episode. Mineral abbreviations according to Kretz (1983). (b) Long axis preferred orientation of

idiomorphic syn-deformational titanite (upper left) parallel to the foliation. Plagioclase and quartz show elongate grain shape, defining the foliation

plane, and lack equilibrium grain-boundary configurations. Internally strain-free feldspar with lobate grain and phase boundaries suggest strain

accumulation by dissolution precipitation creep. Photo is ca. 1.2 mm wide, crossed nicols. (c) Large corroded, old garnet (center of photo) and small

idiomorphic, young garnet (upper left, lower left). Young garnet, titanite, and epidote (not shown) crystallized during deformation dominated by

dissolution precipitation creep. Photo is ca. 2.3 mm wide, parallel nicols. (d) 238U–206Pb isochron diagram for epidote, garnet, and titanite. The

titanite and epidote pair yield an U–Pb isochron age of 218F3 Ma that constrains the high-T deformation. Garnet is in Pb-isotopic disequilibrium

with titanite and epidote, probably due to inclusions and Pb-inheritance from older garnet.
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gneisses occur within leucocratic two-mica gneisses.

This assemblage, which is characterized by strong vis-

cosity contrasts, shows locally varying degrees of strain

accumulation during exhumation.

The phengite bearing eclogite (sample 99102) shows

the UHP mineral assemblage grt+cpx+phg+rt. Pre-

ferred orientation of the long axis of cpx crystals (Jd),

elongated garnet aggregates, and basal planes of phen-

gite defines a distinct foliation that reflects this UHP

deformation event. Using the garnet–omphacite–phen-

gite geobarometer and the garnet–clinopyroxene

geothermometer (Powell, 1985; Berman, 1991), peak

PT conditions were estimated by Schmid (2001) to

33–35 kbar at 680 8C (Fig. 8a).
The gneissic eclogite shows rare UHP relics of jadei-

tic clinopyroxene as inclusions in garnet (samples 99101

and 9837) and contains sigma-clasts of former clinopyr-

oxene, which have been replaced by undeformed am-

phibole–plagioclase symplectites during decompression

(Fig. 8b). The clinopyroxene belonged to the UHP as-

semblage zoisite–(jadeite-rich) clinopyroxene–coesite.

The gneissic eclogite is surrounded by medium

grade two-mica gneisses (99103) that were strongly

deformed at medium grade. White mica coexisting

with biotite formed under medium grade conditions.

Exhumation episodes finally resulted in the surrounding

biotite gneisses (99104, 99105) in the formation of the

mineral assemblage biotite–epidote–oligoclase–quartz



Fig. 8. Samples from retrogressive medium grade shear zones surrounding gneissic eclogites (99101, 99104, 99105). (a) PT-path showing the

conditions for deformation andmineral growth in retrogressivemedium-grade gneisses.Wet granite solidus curve after Stern andWyllie (1981).Mineral

abbreviations according toKretz (1983). (b) Gneissic eclogite (sample 99101) deformed duringmedium grademetamorphism. Sigma clast (shear sense

top right) consisting of symplectitically intergrown amphibole and plagioclase. Phengiticwhitemica surround the sigma clast. Photo is ca. 2.3mmwide,

crossed nicols. (c) Typical fabric of gneisses (99104) in shear zone formed during greenschist facies metamorphism. Photo is ca. 2.3 mmwide, crossed

nicols. (d) Rb–Sr isochron diagram for minerals from the low-strain domain of the eclogitic gneiss 99101 yielding a white mica age of 218F4 Ma.
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(Fwhite mica). The syn-deformational fabric records

deformation related with the emplacement of these

rocks at a mid-crustal level (Fig. 8c).

3.4.1.1. Rb–Sr data. Access of water during decom-

pression triggered the breakdown of clinopyroxene to

amphibole–plagioclase symplectite and the alteration of

UHP phengites to less phengitic white mica and biotite

(and quartz). Fluids may also have been effective at

resetting the Rb–Sr isotopic system. Rb–Sr geochrono-

logy using plagioclase–amphibole symplectites, phengi-

tic white mica with a Si content of 3.3 p.f.u., and whole

rock from the gneissic eclogite yields an isochron with a

slope corresponding to an age of 218 (F4) Ma (Fig. 8d,

Table 3). Provided closed system behaviour and initial

isotopic equilibrium among the phases, this age dates the
hydration, as well as the exhumation to a depth shallower

than required for eclogite formation.

Rare large phengitic white mica grains (Si content

3.4 p.f.u.) from a second sample of the gneissic

eclogite (9837) yield a Rb–Sr mineral and whole-

rock isochron that defines an age of 236F19 Ma,

the large a priori error being due to a low Rb/Sr

ratio (Table 3). No UHP mineral relics are preserved

in the neighbouring two-mica gneisses (samples

99103 and 99104). Sample 99104 yields a Rb–Sr

white mica age of 209F2 Ma (Table 3). This is

interpreted as the age of continuing shearing in the

gneisses surrounding the more mafic boudins, pro-

vided the initial Sr isotopic composition of whole

rock used for age calculation did not change after

mica recrystallization.
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3.4.2. Low grade shear zone bounding the Ganghe

Complex

The juxtaposition of the Ganghe unit occurred at even

lower metamorphic grade. The Ganghe low-strain do-

main locally even preserved sedimentary and volcanic

structures (Oberhänsli et al., 2002). UHP mineral assem-

blages are also abundantly preserved. The Ganghe do-

main is composed of metasedimentary and metavolcanic

sequences sandwiched between predominantly ortho-

genic gneisses. Final juxtaposition of theGanghe domain

against the Orthogneiss Complex along narrow localized

shear zones occurred during exhumation at greenschist

facies conditions, i.e., relatively late in the overall defor-

mation history. The shear zones are characterized by a

distinctly mylonitic fabric with a fine-grained matrix

consisting of white mica, quartz, and albite. Up to 3 cm

large albite porphyroblasts occur within the matrix.

Blastesis was outlasted by shearing. Mylonitization oc-

curred at ca. 500 8C (grt-white mica inclusions in albite),

calculated for a reference pressure of 5 kbar.

We analysed the Rb–Sr isotopic composition of

feldspar and white mica from a strongly mylonitized

albite-white mica gneiss (sample 99210) that formed in

such a low-grade mylonite zone (Table 5). This shear

zone bounds the Ganghe domain toward the underlying

Orthogneiss Complex (east of Changpu; see Schmid

(2001) for description) and represents the latest stages

in the overall microtextural history. The foliation de-

fined by elongated inclusions in albite is at high angle

to the pervasive mylonitic foliation, reflecting non-co-

axial strain. The Rb–Sr data yield a Triassic age

(204F2 Ma, epidote, albite, and white mica) for me-
Table 5

Rb–Sr data of samples 99210 (low grade shear zone surrounding the Ganghe

SU291 and SU269 (Pre-Pilot Drill Core PP2, Donghai) from the Sulu UHP

Sample no. Sample Rb [ppm]a Sr [

99210.1 White mica 206 32

99210.2 Whole rock 110 117

99210.3 Whole rock 104 117

99210.4 Epidote 23.2 4594

99210.6 Quartz–albite 7.0 36

99210.7 Quartz–albite 4.8 28

SU291.1 Biotite 497 18

SU291.2 Biotite 413 42

SU291.3 White mica 308 36

SU291.4 White mica 287 28

SU291.5 Whole rock 36.5 288

SU291.6 Feldspar 4.1 492

SU269.1 Biotite 375 2

SU269.2 Whole rock 60.8 124

SU269.3 Plagioclase 21.9 71

SU269.4 Epidote 0.3 504

a Concentrations were determined by isotope dilution and mixed 87Rb–84
dium to low pressure mylonitization, and thus, juxta-

position of the Ganghe domain.

4. Isotopic constraints on the precursors of the UHP

rocks

The mafic eclogites, high-grade gneisses, and meta-

carbonates from the Dabie metamorphic belt have dis-

tinct Pb, Nd, and Sr signatures that reflect contrasting

sources and precursor histories as well as contrasting

mobilization during metamorphism 240 m.y. ago. Varia-

tions do occur among the lithologies but are independent

from metamorphic grade or relationship with tectonic

subunits.

The eclogites and high-grade gneisses are character-

ized by unradiogenic uranogenic Pb (Fig. 9a), which is

typical for derivation from a source that had a retarded

Pb evolution due to low 238U/ 204Pb for extended peri-

ods of time. The investigated rocks do not show a

corresponding retarded evolution in 208Pb / 204Pb (Fig.

9b), implying that the source 232Th / 204Pb was not as

strongly affected as 238U/ 204Pb. The observed Pb iso-

topic compositions (Tables 2 and 4) fall into the range

known from other old high-grade terrains (cf. Taylor et

al., 1980; Romer and Bridgwater, 1997; Rudnick and

Goldstein, 1990; Zhou et al., 2002) and close to the

model evolution-curve for the lower crust (Zartman and

Doe, 1981). Thus, the Pb isotopic composition of the

eclogites and gneisses suggests the Pb budget of these

rocks to be dominated by an old crust precursor that had

experienced preferential removal of U during Palaeo-

proterozoic or Archaean high-grade metamorphism.
complex) from the Central Dabie Complex and of the gneiss samples

complex

ppm]a 87Rb / 86Sr 87Sr / 86Sr F2rm

.9 18.2 0.76216 0.00001

.7 2.72 0.71632 0.00001

.3 2.56 0.71627 0.00001

0.01 0.70922 0.00001

.5 0.55 0.71077 0.00001

.4 0.49 0.71083 0.00002

.1 81.2 0.94165 0.00002

.0 28.7 0.79047 0.00004

.5 24.6 0.78073 0.00004

.7 29.1 0.79519 0.00004

.2 0.37 0.71026 0.00004

.5 0.02 0.70923 0.00001

.0 656 2.57743 0.00015

.1 1.42 0.71369 0.00001

.6 0.88 0.71283 0.00001

.9 0.00 0.70952 0.00001

Sr tracers.
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The gneisses show an even more retarded growth of

uranogenic Pb than the eclogites (Fig. 9a). The contrast

between the mafic eclogites and high-grade gneisses is

not due to contamination of a mantle source by Pb

similar to the one in the gneisses. Instead, the slightly

more radiogenic Pb in the mafic eclogites may reflect
(i) slightly higher 238U/ 204Pb and 232Th / 204Pb values

than in the gneisses, although the values still had to be

low in comparison to average mantle or (ii) a younger

age for U depletion in the mafic eclogites.

The Pb isotopic composition of carbonate and sili-

cate minerals in marbles from the Central Dabie Com-

plex is radiogenic and falls to the radiogenic end of the

Pb trend defined by regional marbles, which had been

subducted to UHP conditions. The steep slope of the Pb

trend could be obtained by two different processes: (i)

Incomplete mixing of Pb from two different sources,

one having unradiogenic Pb, the other having relatively

radiogenic Pb. (ii) In situ Pb growth in the marbles. The

mixing explanation implies a Palaeoproterozoic or

older age for the source of the radiogenic end-member,

leaving the age of the marble little constrained, whereas

the Pb–Pb isochron explanation suggests a Palaeopro-

terozoic or older age for the marble. Since marble Pb

with radiogenic compositions falls to the right of the

evolution curve for upper crustal Pb, the source of the

radiogenic-mixing end-member or the marble must

have been characterized by low Th /U values. The

marbles are typically correlated with Neoproterozoic

carbonates on the North China Craton (Rumble et al.,

2000), yield an 238U–206Pb isochron age of 435F45

Ma (Zheng et al., 1997), may locally be deposited on

late Proterozoic granites and gneisses (Schmid, 2001),

and experienced Sr mobility during UHP and HP meta-

morphism as reflected in anomalously unradiogenic Sr

isotope signatures (Romer et al., 2003). Therefore, the

Pb–Pb array defined by the marbles may reflect mixing

rather than in situ Pb evolution.

The Sr–Nd isotope signatures of the mafic eclogites,

high-grade gneisses, and marbles show a grouping

corresponding to the one obtained for Pb. Most mafic

eclogites have eNd (T=240 Ma) values around �2 to

�6, gneisses range between �9 and �13, and marbles

between �16 and �22 (Fig. 9c; Tables 1 and 6). Mafic

eclogite and marble samples define subhorizontal trends,

which become especially prominent when combined

with literature data (Fig. 9c). These trends may reflect
Fig. 9. Initial Pb–Sr–Nd isotopic composition of rock from the Dabie

metamorphic belt and geologically and geochemically comparable

units of adjacent tectonic blocks. (a) 206Pb / 204Pb–207Pb / 204Pb

diagram for mafic eclogites, felsic eclogites, and marbles. Re

ference Pb-growth curves from Zartman and Doe (1981). (b
206Pb / 204Pb–208Pb / 204Pb diagram. (c) 87Sr / 86Sr–eNd (T=240 Ma

diagram. FRI=fluid rock interaction. Data sources: (Tables 1, 2, 4

and 6), Chen and Jahn (1998), Ma et al. (2000), Zou et al. (2000)

Franz et al. (2001), Cheong et al. (2002), Zhang et al. (2002b)

Zheng et al. (2002), Kim et al. (2003), Yu et al. (2003), Huang et al

(2004), Yang et al. (2005), and unpublished data (Romer).
-

)

)

,

,

,

.



Table 6

Sm–Nd isotope data for whole-rock and mineral samples from the Central Dabie and Sulu Complex, Eastern China

Sample no. Sample Sm [ppm]a Nd [ppm]a 147Sm/144Nd 143Nd/ 144Ndb F2rm Nd
c

99210 Quartz–alt 1.29 7.05 0.1107 0.511860 0.000006 �12.5
9834 Clinozoisite 4.42 15.7 0.1701 0.512414 0.000006 �3.6
9834 Clinozoisite 8.72 36.7 0.1437 0.512390 0.000015 �3.2
99210 Whole rock 8.49 45.7 0.1122 0.511897 0.000008 �11.9
99105 Epidote 4.00 2.74 0.8832 0.512601 0.000038 �21.8
99105 Whole rock 1.28 2.83 0.2741 0.511672 0.000008 �21.2
9834 Titanite 223 612 0.2198 0.512436 0.000050 �4.7
9834 Feldspar 0.39 1.74 0.1346 0.512381 0.000010 �3.1
SU291 Biotite 0.17 0.67 0.1514 0.512411 0.000046 �3.0
99104 Epidote 4.21 4.44 0.5727 0.512254 0.000017 �19.0
99105 Whole rock 1.40 3.07 0.2751 0.511713 0.000017 �20.5
SU269 Epidote 11.4 19.5 0.3515 0.512513 0.000016 �7.2
The Rb–Sr isotope systematics of these samples (Tables 2 and 3) are used for dating.
a Contents were determined by isotope dilution.
b 143Nd/ 144Nd data are normalized with 146Nd/ 144Nd=0.7219.
c eNd (T) calculated for 240 Ma using k 147Sm=6.54E�12 y�1, (147Sm/144Nd)0 CHUR=0.1967, and (143Nd /144Nd)0 CHUR=0.512638.
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local decoupling of Sr and Nd due to fluid-transport of

Sr. The Sr–Nd systematics of the investigated samples

Dabie metamorphic belt generally fall to more radiogen-

ic Sr isotopic compositions than mafic xenoliths and

felsic gneisses from Nushan and Qianxi, respectively.

The Pb–Nd–Sr isotopic composition of the high-

grade gneisses and mafic eclogites is not readily com-

pared with the isotopic signature of lithologies that may

have been related with the precursors of the Dabie UHP

rocks. This is mainly due to the incomplete isotopic

characterization of other areas for which only Nd and

Sr data are available. The Pb isotopic composition,

whose budget is likely to be dominated by the crustal

source (cf. Dupré and Arndt, 1990; Romer and Bridg-

water, 1997), and which possibly is the most sensitive

tracer of the provenance of crustal precursor rocks,

requires the precursors to have had an Archaean or

Palaeoproterozoic lower-crust history, which agrees

well with the Archaean and Palaeoproterozoic ages

known from U–Pb dating of rocks from the Dabie meta-

morphic belt (e.g., Hacker et al., 1998, 2000; Maruyama

et al., 1998; Ayers et al., 2002).

Compositionally similar rocks that yield Archaean

and Palaeoproterozoic zircon ages and have experienced

high-grade metamorphism are known from the North

China Block, the Yangtze Craton, and Cathaysia. Isotope

data from these areas are included in Fig. 9b for com-

parison with the isotope signature of rocks from the Dabie

metamorphic belt. The limited data available suggest that

Nushan and Cathaysia possibly did not experience an

ancient high-grade event, as their Pb isotope signature

does not show high 208Pb / 204Pb at low 206Pb / 204Pb

values (Fig. 9b), which makes them unlikely precursors.

In contrast, several regions in the North China Block
show evidence of such an ancient high-grade event.

Crustal rocks of similar geochemical signature as the

high-grade gneisses in the Dabie metamorphic belt in-

clude granulites fromHannuoba, Korea, and possibly the

Qianxi high-grade terrain, for which no Pb data are

available. Variable contamination of the mantle by an-

cient lower crust is commonly inferred to explain the

isotopic heterogeneity among different high-grade xeno-

liths in the Hannuoba area (e.g., Zhou et al., 2002; Xu,

2002). The similarity of the isotopic signature of eclo-

gites and high-grade gneisses from the Dabie metamor-

phic belt with samples from these regions does not

constrain the provenance of the subducted protoliths of

the Dabie UHP and HP rocks, i.e., derivation from a

certain province, but it constrains the kind of crustal

evolution the Dabie precursor rocks have had. At the

time of Triassic subduction, these precursors of the UHP

rocks, showing an ancient lower crustal history, probably

had been in an upper crustal position, as is constraint by

prograde mineral relics (samples 9864), and pseudo-

morphs after prograde minerals (sample 99101). This

implies that the precursor rocks (carbonates and gneisses)

had already undergone multiple reworking prior to Tri-

assic subduction and exhumation. Nevertheless, melts

extracted from such reworked high-grade rocks would

inherit both the isotopic signature and old zircon.

5. Discussion and conclusion

The integrated geochronological, petrological, and

structural study reveals a clear correlation between ages

and successive mineral reactions and deformation/re-

crystallization processes depicted by domainal varia-

tions of microfabrics. This correlation precludes
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volume diffusion as the major resetting mechanism of

the respective isotope systems. Consequently, the age

data cannot be interpreted in terms of a thermal/cooling

history. The resetting of isotope systems, instead, is

associated with (re)crystallisation of titanite, phengitic

white mica, and other minerals during changing P–T

conditions and dissolution precipitation processes relat-

ed to partial melting and plastic flow involving diffu-

sion creep. This implies that the age data put constraints

on the temporal resolution of the P–T paths and the

kinematic–tectonic histories linked to subduction and

exhumation processes of the composite Central Dabie

Complex.

5.1. Duration of UHP metamorphism

The 244F3 Ma 206Pb / 238U age of a pre-mylonitic

titanite megacryst from calcsilicate sample 9864 was

obtained on pre-maximum-pressure titanite. Petrologi-

cal evidence and microtextural relationships suggest

that this titanite formed during prograde metamor-

phism. Its U–Pb system remained closed during con-

tinuing subduction. The titanite age provides an upper

time constraint for the prograde stage of the P–T his-

tory of this sample and represents a maximum age

constraint for UHP metamorphism. It is slightly older

than the lower intercept age of zircon (236F32 Ma,

Ayers et al., 2002) and Ar–Ar ages of UHP phengite

(Hacker et al., 2000) from eclogites interpreted to re-

flect the age of peak metamorphism. It is in agreement

with the U–Pb zircon age of 242F3 Ma for the onset of

peak pressure obtained by Li et al. (2004).

Titanite from the pervasively deformed and partial-

ly melted quartz–feldspar gneisses (sample 9949) that

contains relics of the HP evolution yield a 206Pb / 238U

age of 238F1 Ma. This age corresponds to the ex-

humation to 18–20 kbar, fluid influx, partial melting,

and melt crystallization below the stability field of

eclogite and may be associated with a first stage of

rapid uplift. If the quartz–feldspar rock and the calc-

silicates underwent a common metamorphic PTt-evo-

lution, these data imply that these rocks were exposed

to UHP metamorphism during a short period from

244F3 to 238F1 Ma.

5.2. High-T deformation and decompressional partial

melting

HT-deformation is bracketed between ca. 238 and

218 Ma. Importantly, the 206Pb / 238U epidote–titanite

isochron age of 238F1 Ma of the pervasively de-

formed quartz–feldspar gneiss (sample 9949) clearly
constrains the age of equilibration at high temperatures,

including partial melt crystallization below the eclogite

(grt+ jd) stability field. In this sample, titanite and

epidote were stable phases during deformation at ca.

18–20 kbar and titanite formation was associated with

dissolution precipitation creep of quartz and feldspar.

Melting may have occurred at higher pressures.

The isochron age for amphibolite facies and decom-

pressional partial melting coincides with the age range

for UHP metamorphism from other locations (U–Pb

zircon and monazite data; Hacker et al., 2000; Ayers et

al., 2002) and is older than the age of amphibolite facies

overprinting in the Shuanghe jadeite quartzite (dated by
208Pb / 232Thmonazite to 209F4Ma; Ayers et al., 2002).

Obviously, different parts of the Central Dabie Complex

followed separate PT-paths, in accordance with new PT-

data from the Sulu UHPComplex (Zhu et al., 2005). This

is corroborated by variations among our and published

ages for amphibolite-facies and high-grade deformation.

A U–Pb multi-mineral isochron from the quartzo-

feldspathic orthogenic gneiss (sample 9834) overlying

the Changpu calcsilicate and quartz–feldspar layers

(9868 and 9949) yields a 206Pb / 238U age of 224F2

Ma. This isochron age is defined by mineral phases

(clinozoisite, plagioclase, epidote, titanite) that have

(re)crystallised during deformation postdating the high-

P stage. Thus, this age is related to amphibolite facies

metamorphism and related deformation microfabrics.

Within quartzofeldspathic gneisses from the Ortho-

gneiss Complex, ages of 218F4 Ma (Rb–Sr white

mica age of sample 99101) and 218F3 Ma (U Pb

titanite age of sample 99144) are also related to

phases (re)crystallized during HT-deformation. Our

data demonstrate that from 238 to 218 Ma significant

parts of the Central Dabie Complex must have been

subjected to partial melting and to several episodes of

deformation at medium grade. The age range for HT-

deformation at amphibolite facies conditions of sam-

ples from different structural positions reflect differ-

ential exhumation within the Central Dabie Complex

or alternatively imply that the rocks record plastic

deformation at high temperatures over a remarkably

long period.

5.3. Low-T deformation

During cooling to lower amphibolite and green-

schist facies conditions, strain concentrated to wide-

spread pervasive deformation fabrics and localized

shear zones with abundant indications for non-coaxial

strain, which indicates large differential movement

within the Central Dabie Complex. Such shear zones
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occur within the Orthogneiss Complex of the Central

Dabie Complex and, more importantly, they form

bounding structures between orthogneisses and the

Ganghe domain. The associated movements involve a

significant differential vertical displacement during the

decompression and exhumation stage, thus implying

contrasting P–T–t evolution in various parts of the

Central Dabie Complex. The shear zones are associ-

ated with the final emplacement of the tectonic sub-

units and, therefore, the age data constrain the timing

of tectonic denudation and juxtaposition of the differ-

ent subunits in the Central Dabie Complex. Rb–Sr data

from syn-deformational white mica of greenschist fa-

cies shear zones, the Orthogneiss Complex, as well as

bounding mylonites to the Ganghe domain demon-

strate that juxtaposition occurred not before ca. 209–

204 Ma, which agrees well with the 209 Ma
208Pb / 232Th monazite age attributed to regional am-

phibolite facies overprint due to pervasive retrograde

fluid infiltration (Ayers et al., 2002).

Rb–Sr ages of syn-deformational white mica are

generally significantly older than biotite ages. Syn-de-

formational white mica and biotite from gneisses from

the PP2 drill hole at Donghai, Sulu UHP Complex,

yield coinciding Rb–Sr ages of ca. 200 Ma (Table 5),

suggesting either more rapid exhumation or late-stage

fluid infiltration and recrystallization.

5.4. Differential exhumation of UHP rocks within the

Central Dabie Complex

The observed age variation within the composite

Central Dabie Complex could express that various

samples (i) preserve different stages of the P–T–t

and deformation history, hence allowing the recon-

struction of a large segment of the P–T–t and defor-

mation history, or (ii) record different deformation

and P–T–t histories as a result of differential burial

and exhumation histories, providing constraints on

translation magnitudes. The close interlayering of

former basement and cover rocks implies that detach-

ment and large strain magnitudes must have juxta-

posed a variety of source rocks from largely different

parts of the lithosphere.

The youngest age interpreted as UHP metamorphism

in the eclogite stability field, 226F3 Ma Sm–Nd iso-

chron (Li et al., 2000), is ca. 10Ma younger than ages for

partial melting and HT-amphibolite metamorphism, im-

plying (unless the Sm–Nd isochron represents a rotated

mixing line as found in many Variscan high-grade mas-

sifs; cf. Romer and Rötzler, 2001) that the Central Dabie

Complex did not remain a coherent block during sub-
duction to mantle depth and subsequent exhumation and

that some segments were at depths corresponding to the

eclogite-stability field while others were subjected to

HT-amphibolite facies metamorphism. Thus, UHPmeta-

morphism and exhumation-related HT-deformation may

have been polychronous, as described for other high-P

and UHP terrains, including theWestern Alps (Philippot,

1990; Handy and Oberhänsli, 2004), the Erzgebirge

(Willner et al., 2000), and the Saxon Granulites (Rötzler

and Romer, 2001). The Triassic age of metamorphism

and deformation preclude that Cretaceous structures

were responsible for the uplift of the Central Dabie

Complex to 30 km depth (e.g., Grimmer et al., 2002).

5.5. Deep subduction of (Pre-)Palaeoproterozoic high

grade crust: rates of burial and exhumation

The precursor rocks of the Dabie UHP rocks include

old crust that had been depleted of U (and K) during

Palaeoproterozoic or Archaean high-grade metamor-

phism. Relatively high density, low heat production,

and dryness of these rock may have facilitated deep

subduction and limited melting during prograde meta-

morphism.

Metamorphic peak conditions with maximum pres-

sures of N40 kbar were met at about 240F1 Ma

(Hacker et al., 2000). If the prograde 244F3 Ma old

titanite megacryst had formed at ca. 20 kbar, the aver-

age rate of vertical movement during subduction would

be 14 mm/y. If we consider the age of 242F3 Ma for

the onset of a peak pressure of 33 kbar (Li et al., 2004),

the rate would only slightly deviate (ca. 18 mm/y).

Similarly, if titanite formation at 238F1 Ma oc-

curred at a depth corresponding to 18–20 kbar, initial

exhumation to the base of a thickened crust (ca. 60

km) would have proceeded at an average rate of 31

mm/y. This is quite similar to the exhumation rate of

UHP rocks of 35 mm/y for the Kokchetav Massif,

Kasachstan (Hermann, 2003), about 20 mm/y for the

Sulu UHP metamorphic belt (Yoshida et al., 2004), and

34 (and 16) mm/y for Dora Maira (Rubatto and Her-

mann, 2001), but still lower than the exhumation rates of

100 mm/y that have been reported from the Western

Gneiss Region, Norway (Carswell et al., 2003). Subse-

quent exhumation to the middle crust (10–15 km) oc-

curred at significantly lower rates. Such different rates of

exhumation were also documented by Zheng et al.

(2003). At ca. 204 Ma, the rocks underwent greenschist

facies metamorphism at a depth corresponding to ca. 5

kbar, resulting in an average exhumation rate of 15mm/y

for the period 238 to 204 Ma. However, deformation

episodes at 224 and 218 Ma (9834, 99101, 99144)
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probably indicate a slowing down of exhumation when

rocks reached the lower and middle crust. The lack of

precise P estimates linked to these ages inhibit resolving

changes in the exhumation rates within the 238 to 204

Ma period. This makes the average rate of 15 mm/y a

crude estimate.

Rapid exhumation is explained by large density

contrasts to the surrounding mantle that give rise to

high buoyancy forces, which in combination with the

low viscosity of preserved less dense phases triggers

detachment of the crustal rocks soon after their deep

subduction and result in high rates for early exhumation

from the upper mantle to the lower crust (Ernst et al.,

1996; Burov et al., 2000; Gerya and Stoeckhert, 2002).

A high density contrast between crustal and mantle

rocks is not only due to the contrasting chemical com-

position, but also to the lack of complete transformation

of low-density rock-forming minerals (e.g., feldspar) to

high-density phases (Oberhänsli et al., 2002; Carswell

et al., 2003). Low viscosity in the Central Dabie Com-

plex and the Sulu UHP Complex is implied from

textural evidence for partial melting (Wallis et al.,

2005) and for diffusion (dissolution precipitation)

creep.
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Appendix A. Analytical methods

Mineral concentrates were obtained from microtex-

turally controlled domains that were cut from thick-
sections and thin-slabs. These parts were crushed and

minerals were concentrated using standard mineral sep-

aration techniques and separation by hand under the

binocular. Minerals were dissolved overnight with 52%

HF in Teflon vials at 160 8C on a hot plate, dried, and

transferred overnight into chloride-form using 6 N HCl

at 160 8C on a hot plate.

Sr and Rb were separated using standard cation ex-

change techniques (Bio Rad AG50 W-X8, 100–200

mesh, 3.8 ml resin volume) in 2.5 N HCl medium. Sr

was loaded on single Ta-filaments and its isotopic com-

position was determined on a VG Sector 54-30 multi-

collector mass-spectrometer using a triple-jump dynamic-

multicollection setup. Rb was loaded on double Ta-fila-

ments and analyzed in static mode. Concentrations were

determined with a mixed 84Sr–87Rb tracer. 87Rb / 86Sr is

known better than 1%. 87Sr / 86Sr data are normalized

with 86Sr / 88Sr=0.1194. Repeated measurement of Sr

standard NBS 987 during the measurement period gave

0.710249F0.000004 (2r reproducibility for n =12 in-

dependent analyses). Analytical uncertainties of the

individual measurements are reported as 2jm. Total

procedural blanks are less than 50 pg Sr (Romer et

al., 2005).

Nd and Sm were separated using standard cation

exchange techniques (HDEHP-coated Teflon, 2 ml

resin volume) in 0.18 and 0.4 N HCl medium, respec-

tively. Nd was loaded on double Re-filaments and

its isotopic composition was measured on a Finnigan

MAT262 multicollector mass-spectrometer using dyna-

mic multicollection. 143Nd / 144Nd data are normalized

with 146Nd / 144Nd=0.7219. Repeated measurement of

La Jolla Nd standard during the measurement period

gave 143Nd / 144Nd=0.511850F0.000004 (2r reproduc-

ibility for n=14 independent analyses). Concentrations

were determined with a mixed 149Sm–150Nd tracer. An-

alytical uncertainties of the individual measurements are

reported as 2sm. Total procedural blanks are less than 30

pg Nd (Romer et al., 2005).

U and Pb for minerals and whole-rock samples

were separated using standard HBr–HCl ion-ex-

change chromatography based on the procedure de-

scribed by Tilton (1973) and Manhès et al. (1978).

For whole-rock samples, the procedure was repeated

to obtain a better separation from other ions. Pb

and U were loaded together on a single Re-filament

and analyzed at 1200–1260 and 1350–1400 8C,
respectively, on a Finnigan MAT262 multi-collector

mass-spectrometer using Faraday collectors for

whole-rock samples and Faraday collectors and a

secondary-ion multiplier for mineral samples with

radiogenic Pb.
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Appendix B. Sample locations
Sample Coordinatesa Rock type

9834 N30847.861/E116815.223 Clinozoisite–titanite bearing

gneiss

9837 N30846.669/E116812.490 Gneissic eclogite showing

rare UHP relics of jadeitic

clinopyroxene as inclusion

in garnet

99101 N30846.669/E116812.490 Gneissic eclogite showing

rare UHP relics of jadeitic

clinopyroxene as inclusion

in garnet

99102 N30846.669/E116812.490 Phengite bearing eclogite

99103 N30846.669/E116812.490 Medium grade two-mica

gneiss surrounding

gneissic eclogite

99104 N30846.669/E116812.490 Biotite gneiss

99105 N30846.669/E116812.490 Biotite gneiss

9864 N30842.454/E116815.007 Titanite bearing calcsilicate

99144 N30842.243/E116815.020 Leucocratic granoblastic

gneiss from the

Orthogneiss Complex

99210 N30841.782/E116814.688 Strongly mylonitized

albite–white mica gneiss

9949 N30842.134/E116823.592 Leucocratic granoblastic

white mica–biotite–

plagioclase–K-feldspar

gneiss

a Samples were positioned using a GARMIN 12 GPS system and
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